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Abstract 
Fracture mechanics is widely used to analyze the material behaviour in a structure. The paper reports the results of an experimental 
programme focused on the effect of various synthetic fibres on the fracture properties of concrete investigated in Mode I conditions.
The changes in concrete properties were analysed on the basis of the critical stress intensity factor KIc, the critical value of crack 
tip opening displacement (CTODc) and the fracture energy GF. The addition of the synthetic fibres had a slight effect on the strength 
properties of concrete but, at the same time, it had a significant influence on the fracture mechanics parameters by the modification 
of pre-cracking and particularly post-cracking behaviour of the concrete. Results of measuring the toughness and energy-absorption
characteristics showed that the specimens reinforced with synthetic fibres acquired a great ductile behaviour and energy absorption
capacity, compared to ordinary concrete specimens. 
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Fibre reinforced concrete has gained increasing significance over the past years, both in research and construction 
industry. The addition of fibres makes the cementitious material more isotropic and transforms it from a brittle to 
a quasi-brittle material. The real benefits of adding fibres to concrete become evident at the stage of post-cracking. 
Before that, the most of fibre types had a limited effect on the concrete mechanical properties [1]. 
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However, the full potential of fibre reinforced concrete is still not fully exploited in practice [2]. The fracture 
mechanics, as one of the most significant field of science, is widely used to analyze the material behaviour in 
a structure [3, 4, 5]. The relation between microstructure evolution and macroscopic response is crucial in the design 
and modelling of heterogeneous materials. Applications of fracture mechanics to concrete structures can provide 
a rational basis for both service performance and failure analysis and can lead to a better understanding of the design 
methods. 
The most of the experiments relate to concrete reinforced with steel fibres and very few represent the research on 
composites with other kinds of fibres, i.e. synthetic fibres, which can present the series of advantages. With low 
modulus of elasticity, high strength, excellent ductility, excellent durability and low price, synthetic fibres can be used 
in cement-based materials to improve the ductility and fracture properties of the matrix [6, 7]. In addition, in the recent 
years, important efforts have been devoted to development of new types of synthetic fibres [8, 9]. At present, there is 
little information available in literature about the fracture properties of modified polypropylene macro fibre reinforced 
composites. Therefore, the aim of the experimental study was the analysis of the effect of various kinds of 
polypropylene fibres on the fracture mechanics parameters and post-cracking behaviour of fine grained cement 
concrete. 
2. Experimental programme 
2.1. Materials and specimen’s preparation 
Three types of synthetic fibres were used. Two of them were smooth surface, straight, flexible fibres with 
a diameter of 0.05 mm and different length: type A (50 mm) and type B (25 mm). The third type (C) of dispersed 
reinforcement was a structural, extruded fibre with a length of 50 mm and a cross section of size 0.8u1.4 mm. Specially 
treated surface of the type C fibre should create a multi-directional bond between the fibre and the cement matrix. The 
fibres were added as a replacement of adequate portion of an aggregate at three volume fractions 0.3%, 0.6% and 
0.9%, which range the dosage suggested by the producer. The cement (CEM I 42,5 R) content in concretes tested was 
constant – 360 kg/m3. The river sand, fraction 0-2 mm, and the natural aggregate with maximum diameter of 4 mm, 
were used. The cement content, fine aggregate content and water to cement ratio of 0.40 were also kept constant in all 
mixes. The maximum size of the aggregate was limited to reduce its influence on fracture properties.  
The modified polycarboxylate based super-plasticizer was used to minimize fibre clumping and enhance fibre 
dispersion in the concrete. For each fibre-dosage combination the notched beams of size 100×100×400 mm were 
prepared for fracture parameters determination. Every series was composed of four replicates. The initial saw-cut 
notch with a depth a0 equal to 30 mm and a width of 3 mm was located in the mid-span place. The geometry of the 
specimen is presented in Fig. 1a. Moreover, the beams (100×100×400 mm) for flexural strength and cubes 
(100×100×100 mm) for the compressive strength test were also cast. After demoulding all the specimens were cured 
in water at the temperature of 20r2oC till they were tested. 
2.2. Test methods 
The fracture parameters such as the critical stress intensity factor KIc and the critical tip opening displacement 
CTODc were determined using procedure given by RILEM TC 89-FMT [10]. The fracture parameters were assessed 
in a three-point bend test on beams with initial notches (Fig. 1a). The testing machine (MTS 322) with closed-loop 
servo control was used to achieve a stable failure of the specimens. The crack mouth opening displacement (CMOD), 
measured using the clip gauge at the centre of the notch, was a feedback signal (Fig. 1b). The cycles of loading and 
unloading were repeated four times, and then the specimen was loaded up to failure. 
The load-CMOD relationships were used for KIc and CTODc determination. The fracture energy GF was assessed 
according to a procedure given by RILEM TC 50-FMT [11]. The fracture energy was defined as the area under the 
load-deflection curve per unit fractured surface area. 
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Fig. 1. Fracture testing configuration and geometry of specimen: (a) way of load; (b) the place of CMOD measurement. 
The elastic modulus was calculated from the initial parts of load-CMOD relationships. The flexural strength was 
defined by the load capacity at the first crack. Compressive strength of concrete was determined according to EN 
12390-3 [12]. 
3. Results and discussion 
3.1. Mechanical properties of the tested composites 
The mechanical properties of the cement composite with synthetic fibers determined after 28 days of curing are 
presented in Tab. 1.  
        Table 1. Mechanical properties of fibre reinforced concrete (average values and range of accuracy). 
Fibre type 
Fibre content 
(% vol.) 
Elastic modulus 
(MPa) 
Compressive strength 
(MPa) 
Flexural strength 
(MPa) 
- 0 18375r1805 53.4r3.8 4.0r0.7 
A
straight 50 mm  
0.3 23200r2290 55.0r3.0 4.4r0.6 
0.6 23760r1892 58.8r4.2 4.6r0.3 
0.9 24651r2514 58.5r6.1 4.8r0.4 
B
straight 25 mm 
0.3 22287r2010 52.4r4.8 4.0r0.6 
0.6 23750r1779 55.0r5.4 4.3r0.5 
0.9 24310r2053 59.1r4.0 4.4r0.4 
C
fabric 50 mm 
0.3 23572r2218 56.8r6.2 4.3r0.6 
0.6 22591r1586 55.3r3.5 4.2r0.7 
0.9 23724r2425 53.0r4.3 4.3r0.7 
The material with synthetic fibres revealed higher modulus of elasticity in comparison to the reference concrete 
without fibres. The modulus was determined on the basis of initial (ascending) part of the load-CMOD curve. Thus, 
the fibres had an effect on pre-cracking behaviour of the cement composite. However, the type and content of the 
fibre, in the considered range, did not cause any significant differences in elastic modulus value. The fibres caused 
a slight increase in compressive strength, particularly in case of the concrete with fibre types A and B. The 
incorporation of type A fibres appeared to increase flexural strength up to 18% in comparison to plain concrete. The 
shorter fibres type B and the fabricated fibres type C caused only a small change in flexural strength compared to the 
reference concrete.  
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3.2. Influence of synthetic fibres on fracture parameters of concrete 
The fracture toughness (KIc) and the critical crack tip opening displacement (CTODc) were determined on the basis 
of load P vs. CMOD curves obtained for the concrete specimens subjected to cyclic loading-unloading. The initial 
parts of characteristic curves of P–CMOD obtained for concretes with different content of the fibres type A are 
presented in Fig. 2a. Similar plots were obtained for the fibre types B and C. The fracture energy (GF) was determined 
on the basis of load P versus deflection G curves. The characteristic P–G  plots are given in Fig. 2b. The descending 
part of P–G plot was strongly influenced by both the type and content of fibres in concrete. 
 a             b 
Fig. 2. Relationships obtained for concretes with different content of fibres type A (flexible, length of 50 mm):
(a) P–CMOD curves; (b) P–G curves 
From the P–CMOD plot, it can be seen that the slope of initial part of the curve becomes more and steeper with 
the increase in the fibre content. This phenomenon caused the increase in Young modulus values. After the linear 
segment of P–CMOD curve, deviation from a linear response is observed and the load reaches the maximum value, 
which indicates the onset of the crack initiation at the tip of the notch. The value of Pmax recorded for composites with 
the fibres A increased up to 30% when the fiber volume fraction increased from 0% to 0.9%. For composites with the 
fibres B and C the differences in Pmax were not so significant (up to 11%). The variations of fracture mechanics 
parameters of the cement composite versus type and volume fraction of synthetic fibre are illustrated in Fig. 3. 
 a                b 
    
Fig. 3. The effect of fibre type and volume fraction Vf (%) on fracture parameters: (a) KIc; (b) CTODc.
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A considerable increase in KIc was observed by increasing the fibre volume fraction in the concrete. Compared to 
the composite without fibres, the increase in KIc for the composites with 0.9% fibres was determined as 27%, 17% 
and 16% for type A, B and C, respectively. However, the rate of increase in KIc became lower after the fibre volume 
fraction exceeds 0.6%. The variations indicate that the small volume fraction of polypropylene fibres has advantage 
to the improvement of the fracture properties of the cement based composite, while the overlarge fibre content may 
be inefficient to improve the fracture properties. 
The CTODc can be defined as the crack tip opening displacement when the vertical load reaches the maximum 
value. The greatest differences in the CTODc when the fibre content increased from 0% do 0.9%, were observed for 
composites with the structural fibres C. The shortest fibres B had almost negligible influence on the CTODc. That 
means that the length of fibres had an effect on the critical effective crack length responsible for instable crack 
propagation in post-cracking stage. 
With a lower elastic modulus and better flexibility, the bunchy polypropylene fibres can be distributed uniformly 
in a cement matrix to form a three-dimensional disorderly supported space network structure when the fibres are 
mixed with the cement and fine aggregate. During the course of hardening, some micro-cracks appear because of the 
drying and thermal shrinkage inside the cement matrix. When the micro-cracks are developing under the action of 
load, the polypropylene fibres stretching across the micro-cracks perform a bridging effect. The fibres can relieve the 
stress concentration on the top of the cracks and increase the resistance to the crack developing. The variation of GF
of the cement composites are shown in Fig. 4. The specimens without fibres were destroyed for G = 0.70 mm. Thus, 
this value was assumed for GF calculation aiming the comparison of polypropylene reinforcement influence on the 
fracture energy. 
Fig. 4. The effect of fibre type and volume fraction Vf  (%) on GF calculated for G = 0.70. 
Growing fibre content has an increasing effect on the energy absorption. However, the increase effect of 
polypropylene fibre on GF is not obvious when the fibre volume fraction is about 0.3%, and the increase rate becomes 
greater for straight fibres than for fabricated ones. The best results were obtained for flexible, ductile straight fibres 
with the length of 50 mm (type A), that improve the toughness and the strain capacity in the post-cracking region. The 
thicker, rigid fibers (type C) were significantly less effective, although they had the specially prepared rough surface. 
4. Conclusions 
The results of the measuring the toughness and the energy-absorption characteristics showed that polypropylene 
fibre reinforced specimens acquire a great ductile behaviour and energy absorption capacity, compared to ordinary 
concrete specimens. The pre-peak behaviour of material was slightly affected by the addition of fibres to cement 
matrix. At this stage, the deformation regime was dominated by the cement matrix properties. The synthetic fibres 
had also a slight effect on the peak-load value as well as on the strength properties, but the post-peak behaviour 
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revealed an important improvement compared to the reference concrete. All fracture parameters tested were strongly 
influenced by the content, type (length) and flexibility of the used synthetic fibres. 
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